We present a comprehensive model to analyze, quantitatively, and predict the process of degradation of organic light-emitting diodes (OLEDs) considering all possible degradation mechanisms, i.e., polaron, exciton, exciton-polaron interactions, exciton-exciton interactions, and a newly proposed impurity effect. The loss of efficiency during degradation is presented as a function of quencher density, the density and generation mechanisms of which were extracted using a voltage rise model. The comprehensive model was applied to stable blue phosphorescent OLEDs (PhOLEDs), and the results showed that the model described the voltage rise and external quantum efficiency (EQE) loss very well, and that the quenchers in emitting layer (EML) were mainly generated by dopant polarons. Quencher formation was confirmed from a mass spectrometry. The polaron density per dopant molecule in EML was reduced by controlling the emitter doping ratio, resulting in the highest reported LT50 of 431 hours at an initial brightness of 500 cd/m 2 with CIEy<0.25 and high external quantum efficiency (EQE) >18%.
As quencher formation is likely to be caused by various factors simultaneously, it is necessary to consider a combination of the previously proposed mechanisms. To develop a general degradation model, it is necessary to include additional factors that may contribute to quencher formation, such as unstable polaron states without involving excitons, and impurities incorporated during device fabrication (O2, H2O or other volatile components) and/or in source materials. Despite the potential instability and high density of polaron state in EML during operation, the presence of polarons in EML has not been reported as a major reason for degradation. In addition, rapid changes in driving voltage and luminance over a short time scale can be caused by impurities, such as water and oxygen. [5, 7] However, conventional degradation models did not consider the impurity factors. Therefore, a model that can describe the quantitative contribution of each mechanism to degradation and explain the more general and comprehensive degradation phenomena, including quencher formation, is still needed.
Here, we present a comprehensive and general model for describing the degradation of OLEDs. Our model consists of two equations describing the efficiency loss and the voltage increase during electrical operation as functions of quencher density. The effect of the quencher on exciton formation efficiency and the effective quantum efficiency are described by measurable parameters in the equations. Polaron and impurity effects as well as the exciton, exciton-polaron, and exciton-exciton interactions are considered to be the mechanisms underlying quencher generation (degradation). This model allows quantitative analysis of the contribution of each mechanism to the total device degradation. Analysis of a stable blue phosphorescent device using the degradation model showed that quenchers are generated by all mechanisms originating from impurities, polaron, exciton, exciton-polaron, and excitonexciton interactions. Transporting materials are degraded by the exciton-mediated processes.
Interestingly, however, quenchers in the emitting layer (EML) are mainly generated by dopant polarons. To our knowledge, this is the first report that the polaron itself can have the greatest impact on degradation of phosphorescent dyes in EML. In contrast, transporting materials are degraded by the exciton-mediated processes. We then reduced the polaron density per dopant molecule by increasing the emitter doping concentration to achieve the highest reported lifetime of 431 hours of LT50 at an initial brightness of 500 cd/m 2 while maintaining the high EQE around 18% with CIEy<0.25 in a blue phosphorescent device.
Ⅱ. MODEL

A. Modeling of degradation process
The processes of exciton generation and annihilation in an OLED are schematically illustrated in The newly developed processes in the aged (degraded) device are indicated by red lines. Fig. 1 are assumed to be generated throughout the electrically degraded device, including the EML. We assume that the singlet-triplet ratio (1:3), radiative decay rates, energy transfer rate from host exciton to dopant, absorption coefficient in EML, refractive indices, and Purcell factor are constant during the electrical operation of OLEDs.
Quenchers indicated by Q in
The quencher (Q) can act as deep charge trap, non-radiative recombination center, and luminance quencher depending on their energy and location in the device. The rates of luminance loss processes are affected by the density of the quenchers in the EML. with a recombination rate of Q rec k reducing the exciton formation efficiency in the EML. Note that the bimolecular interactions [20] [21] [22] [23] and charge leakage [22, 23] can also occur in the pristine device.
B. Modeling of efficiency loss
The EQE of an electrically aged device shown in Fig. 1 can be expressed as follows: Cn  An  rec  rec  ET  EL  EL  HD  H  H  HQ  H  D  ET  r  nr  ET  EML  rec rec n EML
where (t) and ( ) of the EML at operation time t, respectively; EL  is the ratio of host excitons to the total excitons (host exciton plus dopant excitons) formed in the EML, and F is the Purcell factor describing enhancement of the spontaneous emission rate in the device. [ 25] The first and second terms on the right hand side represent the exciton formation efficiency ( () EF t  ), considering recombination at quenchers (details given in Table Ⅰ ). We considered hole traps in the recombination at quenchers, but electron traps can be included depending on devices. The third and fourth terms represent the effective quantum efficiency ( () eff qt ), which is decreased due to the increased exciton quenching. The general model in Equation (1) 
Qt
. We applied the model to analyze the degradation process of a blue phosphorescent device and to enhance further the operational lifetime. All of the rates in Fig. 1 and Equation 1 can be determined experimentally, as summarized in Table Ⅰ . The equation (1) can be applied to phosphorescent OLEDs as it is, but it can also be applied to fluorescent [need to multiply by 0.25 to the EQE(t)] or TADF OLEDs with slight modification.
C. Modeling of voltage rise and quencher density
The changes in operating voltage during electrical operation arise from trapped charges generated both inside and outside of the EML. Assuming that all the quenchers (   ( , ) Q x t ) act as deep charge traps, the voltage rise is represented as [6, 8] 
Here, 0 ,  are the relative dielectric constant of the organic layers and permittivity of free space, respectively, f is the occupational probability of charge at Q, and L is the thickness of OLEDs, respectively. The quencher density at positon x and time t has a relationship of
is the normalized quencher distribution function as shown in Appendix A in details. As quenchers can be formed by polarons, excitons, exciton-polaron interaction, and exciton-exciton interaction, it is necessary to consider the contribution of all possible mechanisms. In addition, we consider the impurity effect (or more generally extrinsic effect) with the initial concentration of 0 [ ( )] Ax in the degradation model, which originates from source materials or incorporated during the fabrication process, including H2O or O2. This is necessary because the lifetime of OLEDs is significantly influenced by purity of materials and fabrication processes, e.g., vacuum level in the evaporation process or residual solvent in the solution process. [5, 25, 26] Here, we assumed that these impurities formed quenchers at the initial stage of the operation with first-order kinetics by ( 
Different kinetic equations can be applied depending on the nature of impurities. This impurity effect accounts for the rapid increase in driving voltage at the initial stage in our specific example discussed later, and then the quencher density by impurities becomes constant if the impurity is consumed. Then, the quencher formation rate at position x and time t is represented as: 
Ⅲ. Results and Discussion
A. Application to blue phosphorescent device Fig. 2 (a) shows the schematic device structure [9, 27] with the energy level diagram of a blue phosphorescent device used for analysis of the degradation mechanism using the degradation model. The blue-emitting Ir-dopant and the wide bandgap host (mCBP-CN) are used in the EML with the emitter doping concentration of 10 wt%, and their chemical structures are shown in Fig. 2(b) . The J-V-L characteristics are shown in Fig. 2(c) . The experimentally obtained maximum EQE of the pristine device was 18.3%, as shown in Fig. 2(d) , and the CIE coordinate of the emitted light was (0.15, 0.23) at J=10 mA/cm 2 ( Fig. 2(e) ). The exciton profiles in the EML were measured experimentally by the sensing-layer method ( Fig. 2(f) ) to apply the model. [22] 
B. Analysis of driving voltage and calculation of quencher density
The generation mechanism and density of the quencher in the EML and charge transporting layers were determined using the voltage rise model. In this simulation, we consider five different quencher generation mechanisms: polaron, exciton, and/or exciton-polaron interactions, exciton-exciton interactions, and impurities represented by the rate constants of Ak } accounted for the rapid increase in driving voltage at the initial stage, and the defect generation rate was exponentially reduced with time as the impurities were consumed by reaction. To confirm that the fitted line in Fig.   3 (a) is the only solution of the model, we examined various fittings by changing the fitting parameters as shown in Fig. S1 . Fig. 3(c) shows the contributions of different degradation processes to the increase in driving voltage. The quencher densities at LT50 generated by polaron, exciton-polaron, exciton-exciton annihilation, and impurity factor were 17 3 3.4 10 ( ) cm   , 17 3 2.0 10 ( ) cm   , , respectively. These results clearly showed that not a single mechanism but all of the mechanisms together contributed to the generation of quenchers in the device affecting the driving voltage.
C. Quencher generation rate and mechanism in EML
The parameters in Fig. 1 determined using the pristine device using the equations in Table Ⅰ are summarized in Table Ⅲ and Experimental section. The exciton quenching rates corresponding to ⑥ and ⑦ in Fig. 1 were obtained by measuring the decreased PL intensity of the host and the radiative lifetime of the emitter exciton, respectively, in the degraded devices at LT75, LT60, and LT 50, and are shown in Fig. 4 (a) and 4(b). (refer to in the EML was supported by the observation that the lifetime acceleration factor [28] [29] [30] is close to 1, as shown in Fig. 4(c) . EQEs were almost constant from 500 cd/m 2 to 3000 cd/m 2 in the device and so the initial luminance was linearly proportional to the current (polaron) density.
Therefore, LT50 (quencher density) was linearly proportional to the current density. If the degradation is induced by exciton-polaron or exciton-exciton mechanisms, n must be >1 and close to 2. If quenchers are generated by excitons, n must be lower than 1.
D. Quencher generation rate and mechanisms in transporting layers
Among the total quenchers, we considered that the polaron-induced quenchers and 20% of impurity quenchers (30 nm of EML to total 140 nm of device) are generated in the EML as discussed in the previous section. Therefore, Q of 3.8×10 17 cm −3 is in the EML among the total Q of 9.510 17 cm −3 at LT50. The quenchers from exciton interactions analyzed in Fig. 3 (c) and 80% of the impurity quenchers are then generated outside of the EML. In this device structure, holes are likely to be accumulated at the NPB/TCTA and TCTA/mCBP interfaces due to the energy barriers. Electrons are also likely to be leaked to the hole transporting layer (HTL) as inferred from the low energy barrier and the large exciton density near the HTL (Fig. 2(f) ). In addition, the excitons at the EML/electron transporting layer (ETL) interface and ETL can generate quenchers by exciton-polaron (both anions and cations) and exciton-exciton interactions due to the high density of polarons. Therefore, exciton-polaron and excitonexciton interactions can result in the formation of quenchers in the transporting layers along with a portion of the impurity quenchers, thus influencing the driving voltage but not the luminance.
E. Prediction and analysis of the efficiency loss of blue PhOLED
With the model, we can predict EQE and luminance as functions of time and quencher density using the rate constants shown in Table Ⅲ and Fig. 4 . We assume that out-coupling efficiency
does not change during the degradation because the change in exciton distribution in the EML is negligible as deduced from the EL spectra that remained the same during electrical aging ( Fig. 2(e) ). Fig. 3 
F. More stable blue PhOLED
The above analysis clearly showed that the luminance degradation in the device is mediated by polarons. We increased the doping concentration of emitters in the device to 20% to reduce the quencher formation rate in the EML or to increase the device lifetime. Assuming that the trapped charge density is constant in 10% and 20% doped devices, the charge density per Fig. 5(c) . This is the highest reported value of the lifetime for a blue phosphorescent OLED below CIEy<0.25. An analysis of the degradation mechanisms of the 20% doped device is shown in Fig. 6 . The quencher density in the EML of the 20% doped device also increases linearly with operating time,
indicating that the quenchers in the EML of the 20% doped device are generated by polarons as like the 10% doped device (Fig 6(a) ). The variations of ΔV, [Q(t)] and luminance over time of the 20% doped device are almost same as the 10% doped device as shown in Figs. 6(b), 6(c) and 6(d), respectively, but the lifetime is doubled due to the half of the quencher formation rate compared to the rate of the 10% doped device as shown in Table Ⅱ .
G. Quencher analysis by DESI-MS imaging
The above analysis showed that degradation takes place not only in the EML but also in the transporting layers. Polarons and impurities played major role in degradation in EML and other exciton, exciton-polaron and exciton-exciton interactions degraded the transporting layers.
Desorption electrospray ionization mass spectrometry (DESI-MS) of the blue devices was performed to confirm the degradation of the materials. The experimental details of DESI-MS are described in the Experimental section. Fig. 7(a) Table S1 . Therefore, the results support the analysis that the dopant is degraded in the EML, and the HTL and ETL are also degraded, as mentioned in the previous sections. However, this mass analysis does not give information on the degradation mechanism of each layer.
Ⅳ. Conclusion
We presented a comprehensive model describing the degradation of OLEDs considering all possible degradation mechanisms, i.e., polaron, exciton, exciton-polaron, and exciton-exciton interactions and a newly proposed impurity effect in an equation. The degradation process is correlated with the formation of quenchers in the model. Therefore, the model allows us to identify the origin, density, and location of the quenchers using the rise of the operation voltage, EQE loss, and some independent experiments. Moreover, variation of the exciton formation efficiency and the EQE during degradation could be obtained without any fitting parameters.
We applied the model to analyze the degradation process of a highly efficient stable blue phosphorescent OLED, and the results indicated that the model described the degradation processes of operation voltage and EQE very well. The analysis suggested that the quenchers are generated not by a single mechanism but by all of the mechanisms outlined above.
Interestingly, however, quenchers in the EML are generated mainly due to degradation of the dopant by polarons and impurities. The analysis indicated that we could increase the lifetime of the device twice by increasing the doping ratio to reduce the polaron density per dopant molecule to half, and achieve high efficiency (18% EQE) with the highest value of LT50 of 431 hours at an initial brightness of 500 cd/m 2 for blue phosphorescent OLEDs below CIEy<0.25
using conventional device structure and materials.
Ⅴ. Experimental Section
Materials
All common layers were composed of commercially available materials, and used without any further purification (sublimed grade). mCBP-CN (>99.96%) and Ir-dopant (>99.88%) were synthesized according to the method reported previously [9, 33] and purified by sublimation at 10 −6 torr. The purity of materials was determined by high-performance liquid chromatography (HPLC) analysis (Alliance e2695; Waters Corporation, Milford, MA).
Device fabrication and characterization
Blue PhOLED devices were fabricated to analyze quantitatively the performance: indium tin oxide (ITO) (150 nm)/HAT-CN (1,4,5,8,9,11- 
Photophysical characterization
The transient PL decays and PL spectra of the films and devices were analyzed using a N2 laser (337 nm; Usho Optical Systems Co., Osaka, Japan) and a streak camera system (C10627;
Hamamatsu Photonics, Shizuoka, Japan). The electrically pumped transient PL measurements were performed by combining and synchronizing quasi steady-state electrical pulses (pulse width 200 μs, repetition rate 20 Hz, DG645; Stanford Research Systems, Sunnyvale, CA) with the transient PL system excited at the middle of the voltage pulses. [23] Exciton quenching rate in EML
The radiative lifetime of the dopant at constant current density of J=1.65 mA/cm 2 was measured by transient PL(t) of dopant emission in fresh and degraded devices using a streak camera system, and decreased from 1.46 s  at t=0 to 1.16 s  at LT50 (238 hours), as shown in Fig. 4(a) . The additional non-radiative decay rates originating from the energy transfer from the dopant exciton by the quencher,
, (process ⑦ in Fig. 1 . and Table 1 ) can be extracted from the exciton lifetimes and were linearly increased to 51 2 10 s   at LT50, as shown in Fig. 4(a) . The PL intensities of dopant emission in the fresh and aged devices were measured, and also shown to decrease gradually to 57% of the fresh device at LT50 (0.88 to 0.5). The reduction of PL intensity originates from two sources; one from the reduced energy transfer efficiency from host excitons to dopant (⑥ in Fig. 1 . and Table 1 ) and the other from the ET of the dopant exciton to quencher (⑦ in Fig. 1 . and Table 1 ) represented by
. By combining the quantum efficiency of the dopant obtained by transient PL measurement (Fig. 4(a) ) and the quantum efficiency of the EML measured by reduced PL intensity ( Fig. 4(b) ), we obtained the energy transfer rate from the host exciton to quencher using equation ⑥ in Table 1 . Fig. 4(b) (right scale) shows the energy transfer rate from the host excitons to quencher over time, which increased almost linearly to 10 1 4 10 s   at LT50.
Quencher analysis
Desorption electrospray ionization mass spectroscopy (DESI-MS) was performed to confirm the degradation products of the electrically degraded blue PhOLED device. Laser desorption ionization (LDI) is a commonly used technique to analyze molecular fragmentation. However, there was a limitation to ionizing electron transporting materials in our system (Fig. S2.) . The DESI-MS imaging method has been widely used in biotechnology, [31, 32] but has not been applied to organic electronics. All MS experiments were performed using a mass spectrometer 
Therefore, the density of quencher under constant current operation is represented as:
The quencher density at position x, time t can be expressed by [ ( , ) 
Here, () P gx is the polaron distribution in the device, which can be calculated by driftdiffusion simulation. constant current can be expressed as:
Thus, the voltage rise under electrical operation can be fitted with four fitting parameters representing the polaron-induced mechanism (C1), exciton-related first-order reaction (C2), exciton-related second-order reaction, (C3) and impurities (C4).
APPENDIX B: EXCITON DENSITY, [N(t)]
The initial density of the exciton, [N]0 is represented as
The changes of the exciton density over time is
where, t is time with unit of hours and t' is time with unit of ~s  . 
